This work described the photoluminescent ͑PL͒ and thermal stability properties of Tb 3+ -doped Ca-␣-SiAlON phosphors, with the composition ͑Ca 1−3/2x Tb x ͒ m/2 Si 12−m−n Al m+n O n N 16−n ͑m = 1.5, n = 0.75͒ that can be excitable under vacuum UV ͑VUV͒ light. The concentration of Tb as a fraction of that of Ca was varied from 0.03 Յ x Յ 1.0. The sample with x = 0.25 had the highest emission intensity. The obtained activation energy for the sample with x = 0.25 was 0.1 eV. The major mechanism of concentration quenching was dipole-dipole interaction. The VUV PL intensities of composition-optimized x = 0.25 samples under different excitation wavelengths were compared. The results indicated that the PL intensity at ex = 172 or ex = 147 nm was much weaker than the obtained intensity with excitation at 258 nm, suggesting that Tb 3+ -doped Ca-␣-SiAlON phosphors can be excitable by VUV but are not suitable for applications in plasma display panels. Moreover, the emission peak intensity ͑excitation at 258 nm and monitored at 544 nm͒ decreased with increasing temperature and have a slight blueshift. This phenomenon is explained by the anti-Stokes effect associated with the interaction between electron and thermal phonon. Plasma display panels ͑PDPs͒ have been widely utilized in flat displays because their emission features include a wide viewing angle and high brightness.
Plasma display panels ͑PDPs͒ have been widely utilized in flat displays because their emission features include a wide viewing angle and high brightness. [1] [2] [3] In these devices, phosphors are excited by vacuum UV ͑VUV͒ photons yielding a Xe resonance emission line ͑147 nm͒ and a Xe 2 molecular emission band ͑172 nm͒. The lifetime and performance of a PDP device are strongly related to the nature of phosphors. Therefore, VUV-excitable phosphors must be developed for applications in PDP to realize mercury-free fluorescent lamps.
Phosphors based on the SiAlON host matrix have the general formula M x Si 12−͑m+n͒ Al m+n O n N 16−n ͑␣ structure͒ and Si 12−z Al z O z N 16−z ͑␤ structure͒, where M can be a Li + , Ca 2+ , Y 3+ , or a rare earth ͑RE͒, with x being equal to m divided by the valency of the M ion. [4] [5] [6] [7] [8] Recently, Krevel et al. 9 and Xie et al. [10] [11] [12] [13] [14] [15] [16] presented interesting photoluminescent ͑PL͒ spectra of REs ͑RE = Ce, Eu, Tb, and Pr͒ in Ca-or Y-␣-SiAlON, suggesting their potential application in white light-emitting diodes with excellent chemical and thermal stabilities. However, little attention has been paid to the optical properties associated with the Ca-␣-SiAlON host matrix for potential applications in PDPs. This study focuses on the PL and thermal stable properties of Tb 3+ -doped Ca-␣-SiAlON phosphors that are excited by VUV light and the feasibility of their application in PDPs.
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3+ -doped Ca-␣-SiAlON samples, with compositions of the form ͑Ca 1−3/2x Tb x ͒ m/2 Si 12−m−n Al m+n O n N 16−n ͑m = 1.5, n = 0.75͒, were prepared from CaCO 3 , Tb 2 O 3 , Si 3 N 4 , and AlN as starting materials. The concentration of Tb ͓=X Tb /͑X Tb + X Ca ͔͒ was in the range of 0.03 Յ x Յ 1.0 with respect to Ca. The powder mixtures were synthesized by gas-pressure sintering at 1750°C for 1 h under 1 atm N 2 . More details can be found elsewhere. 11 The VUV PL and PL excitation ͑PLE͒ spectra were obtained at the National Synchrotron Radiation Research Center in Taiwan using a BL03A beam line. The PLE spectra were recorded by scanning a 6 m cylindrical grating monochromator with a grating of 450 L/min, which spanned the wavelength range of 100-350 nm. A CaF 2 plate served as a filter to remove the high order light from the synchrotron. The emission from the phosphor was analyzed with a 0.32 m monochromatic and was detected with a photomultiplier tube in a photon-counting mode. Temperature-dependent PL measurements were made from 50 to 300 K. Figure 1 shows the VUV PL spectra of Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors at ex = 258 nm. In the PL spectrum of the Tb 3+ -doped Ca-␣-SiAlON, the green emission transition 5D 4 → 7F 5 ͑ϳ544 nm͒ was split into two components centered at em = 544 nm and em = 549 nm. The splitting was identified as Stark splitting, and the results agree closely with results reported elsewhere, 11 indicating that the Tb 3+ emission features observed under VUV exciton are similar to those observed under UV excitation. Figure 2 plots the VUV PL intensity of Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors as a function of the Tb 3+ concentration ͑x͒. The emission peak intensity increased with the amount of Tb, and the highest value was that from the x = 0.25 sample; then the emission intensity was quenched gradually. The decrease in emission intensity with increasing Tb activator concentration may have been caused by the well-established mechanism of concentration quenching. 17, 18 Furthermore, the emission intensity ͑I͒ per activator ion can be expressed as follows [19] [20] [21] [22] 
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where x is the activator concentration; Q = 6, 8, or 10 for dipoledipole, dipole-quadrupole, or quadrupole-quadrupole interaction, respectively; and K and ␤ are constants under a given excitation z E-mail: rsliu@ntu.edu.tw condition ͑ ex = 258 nm͒ for a given host crystal. Figure 3 indicates that the plot of log͓I/xTb 3+ ͔ vs log͑xTb 3+ ͒ in the Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors is linear with a slope of Ϫ0.91. Based on Eq. 1, the obtained Q value is 5.73, which is approximately 6. The result demonstrates that the dipole-dipole interaction is the major mechanism of concentration quenching of the central Tb 3+ emission in Ca-␣-SiAlON phosphors. Figure 4 shows the VUV PLE spectra of Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors at em = 544 nm. The excitation spectrum has two broad bands. Based on the excitation mechanism, these bands are divided into two groups: one in the region from 180 to 220 nm, associated with the host absorption band, the other band from 220 to 300 nm, associated with transitions from the lower energy level of the 4f 8 configuration to the energy levels of the 4f 7 5d configuration of Tb 3+ , causing a direct excitation into Tb 3+ . These phenomena are also observed when Tb 3+ is present in doped borate [23] [24] [25] and borosilicate oxyapatite 26 phosphor systems. To evaluate the performance of Tb 3+ -doped Ca-␣-SiAlON phosphors and the feasibility of their application to PDPs, the VUV PL intensities ͑5D 4 → 7F 5 ͒ of selection composition-optimized x = 0.25 sample excited under different radiations were measured at ex = 258, ex = 172, and ex = 147 nm and compared. Figure 5 plots the results. As presented in Fig. 5 , excitation at 172 and 147 nm yields a lower PL intensity than the excitation at 258 nm, suggesting that the Tb 3+ -doped Ca-␣-SiAlON phosphors can be excitable by VUV but are not suitable for application in PDPs.
The inset in Fig. 6a presents thermal quenching VUV PL spectra of ͑Ca 1−3/2x Tb x ͒Si 9 Al 3 ON 15 ͑x = 0.25͒ sample at different temperatures from 50 to 300 K. The PL peak intensity ͑excitation at 258 nm and monitored at 544 nm͒ decreases as the temperature increases. The emission intensity decreases to 55% of its initial value at 300 K. The excited luminescence centers are thermally activated by a phonon interaction and then thermally released through the crossing point between the ground state and the excited state in a configuration coordinate diagram. The probability of this nonradiative transition by thermal activation depends strongly on temperature and reduces emission intensity. 27 To understand the effect of temperature on the thermal quenching behavior, the thermal quenching data are fitted using the following Arrhenius equation 28, 29 
where I͑T͒ is the intensity at a given temperature, I 0 is the initial intensity, E is the activation energy for thermal quenching, T and c are constants, and k is Boltzmann's constant. 
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Journal of The Electrochemical Society, 156 ͑7͒ J189-J191 ͑2009͒ J190 ͑Ca 1−3/2x Tb x ͒Si 9 Al 3 ON 15 ͑x = 0.25͒ sample is 0.1 eV. Such temperature dependence of the luminescence intensity indicates that there are thermally activated energy transfer processes. A slight blueshift in the emission band with an increase in temperature is observed, as presented in the inset of Fig. 6a . This phenomenon can be explained by the anti-Stokes effect through the interaction between electron and thermal phonon. Restated, the blueshift behavior in each emission band is attributed to the appearance of a sublevel of excited state with an increase in temperature and the excitation from the ground state to a higher state.
Conclusions
The luminescence spectra of Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors under VUV excitation were investigated. The PL intensity increased with increasing Tb concentration up to a maximum intensity at x = 0.25. The obtained activation energy of the x = 0.25 samples was 0.1 eV. A preliminary study has demonstrated that Tb 3+ -doped Ca-␣-SiAlON ͑0.03 Յ x Յ 1.0͒ phosphors can be excitable by VUV but are not suitable for application in PDPs. Moreover, a slight blueshift in the emission band with an increase in temperature is observed. This phenomenon is described in terms associated with phonon-electron interaction. 
